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Abstract 

Semileptonic decays of A^ and Ac baryons are studied within the Relativistic Three- 
Quark Model using finite heavy quark mass values. Employing the same parameters 
as have been used previously for the description of exclusive decays of heavy baryons 
in the heavy quark limit we calculate the six form factors of the process and the 
corresponding decay rates. Our calculation shows that the "finite mass" corrections 
are important in heavy-to-light transitions and are not negligible in heavy-to-heavy 
transitions. 
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During the last decade heavy baryon transitions (semileptonic, nonleptonic, 
strong and electromagnetic) have been studied in detail within the Heavy 
Quark Effective Theory employing QCD sum rule methods or nonrelativistic 
and relativistic quark; models, etc. (see, for example, the reviews in [1,2] and 
the papers [3-17]). The mass spectrum of heavy baryons as well as their exclu- 
sive and inclusive decays have been described succesfully in these approaches 
incorporating the ideas of QCD. 

In the papers [12-14,18-21] we proposed and developed a QCD motivated 
Relativistic Three-Quark Model (RTQM), which can be viewed as an effective 
quantum field approach based on an interaction Lagrangian of light and heavy 
baryons interacting with their constituent quarks. The coupling strength of 
the baryons interacting with the three constituent quarks are determined by 
the compositeness condition Zu = [19,22] where Zh is the wave function 
renormalization constant of the hadron. The compositeness condition enables 
one to unambiguously and consistently relate theories with quark and hadron 
degrees of freedom to the effective Lagrangian approaches formulated in terms 
of hadron variables only (as, for example, Chiral Perturbation Theory [23] and 
its covariant extension to the baryon sector [24]). Our strategy is as follows. We 
start with an effective interaction Lagrangian written down in terms of quark 
and hadron variables. Then, by using Feynman rules, the S'-matrix elements 
describing hadron-hadron interactions are given in terms of a set of quark 
diagrams. The compositeness condition enables one to avoid a double counting 
of quark and hadron degrees of freedom. The RTQM model contains only a few 
model parameters: the masses of the light and heavy quarks, and certain scale 
parameters that define the size of the distribution of the constituent quarks 
inside the hadron. The RTQM approach has been previously used to compute 
the exclusive semileptonic, nonleptonic, strong and electromagnetic decays of 
charm and bottom baryons [12-14] in the heavy quark limit mg -^ oo always 
employing the same set of model parameters. 

The main objective of this letter is to extend our approach to the study of 
heavy baryon transitions at finite values of the heavy quark mass without using 
an explicit l/mq expansion. In the following we confine ourself to the dominant 
exclusive semileptonic transitions of A;, and Ac baryons: A;, -^ AcC^z/g and 
Ac -^ AsC+z/e. We compare our results to a similar finite mass calculation 
done in [17], where the QCD sum rule approach was used. In agreement with 
[17] we find that finite quark mass corrections to the form factors and the rates 
of semileptonic transitions are important for heavy-to-light c -^ s transitions 
and not negligible for heavy-to-heavy b ^ c transitions. 

We proceed as follows. First we briefly explain the basic ideas of the Relativis- 
tic Three-Quark Model (RTQM) and describe our calculational techniques for 
the finite heavy quark case. We then compute form factors and rates for the 
decays Af, -^ AcC^z/g and Ac -^ A^e^z/g. For reasons of comparison numeri- 



cal results are provided both for the finite quark mass case and the infinite 
quark mass case. We finally compare our results with the results of recent 
calculations within the QCD sum rule method [17]. 

We start with a brief description of our approach, the Relativistic Three-Quark 
Model (RTQM). A detailed description of the RTQM can be found in Refs. 
[12,14,20,21]. In the RTQM approach baryons are described as bound states 
of consitituent quarks. The coupling of the baryons with their constituents 
is defined through an effective relativistic interaction Lagrangian which con- 
tains the usual three-quark currents with the quantum numbers of the heavy 
baryons [12]. For example, the Lagrangian of the A-type baryons (A^, Ac and 
As) coupling to three quarks is taken as 

4-;(a;) = (?5,A,(x)rig"(x) Jd^iJd^2FBM + ^2') (1) 

X u\x + 3a - \^^2)CT2d%x + 3^1 + V36)^"'' + h-c 

where the q = b,c,s stands for the quark spinor and Fj are spinor matri- 
ces which define the quantum numbers of the relevant three-quark currents. 
C = 7°7^ is the charge conjugation matrix and gsg is the coupling constant 
which is determined by the compositeness condition [14,19,22]. The compos- 
iteness condition implies that the renormalization constant of the hadron wave 
function is set equal to zero: Zb^ = I — g^ ^'b i^Bq) = where S'^ is the 
derivative of the baryon mass operator and M^, is the baryon mass. 

It is well known that the form of the three-quark current for baryons is not 
unique. In fact, one can write down different interpolating currents for a given 
baryon (even in the absence of derivative interactions) that have the correct 
quantum numbers of the given baryon. For finite mass A-type baryons there 
are three possibilities for the choice of the three-quark current without deriva- 
tives. In papers [18,25] we showed that baryon observables are only weakly 
dependent on the choice of the three-quark currents. In this paper we consider 
the simplest set of baryon currents: the pseudoscalar currents for the heavy 
baryons Aj, and Ac (Fi ®CT2 = I ^C'y^) [12] and a SU{3) symmetric (tensor) 
current for the A^ hyperon (Fi CT2 = 10 C75 -F 75 (g) C) [18]. 

In Eq. (1) we have introduced a baryon-three-quark vertex form factor given 
by Fb (kf + k^). For simplicity, we factorize out the q = b,coT s quark in the A- 
type baryons by placing them at the center of the baryon. This means that we 
take the masses of the b, c and s quarks to be much larger than the masses of u 
and d quarks. Any choice of vertex function Fb^ is appropiate as long as it falls 
off sufficiently fast in the ultraviolet region to render the Feynman diagrams 



ultraviolet finite. In principle, their functional forms would be calculable from 
the solutions of the Bethe-Salpeter equations for the baryon bound states [15] 
which is, however, an untractable problem at present. In our previous analysis 
[20] we found that, using various forms for the vertex function, the hadron 
observables are insensitive to the exact details of the functional form of the 
hadron-quark vertex form factor. We will use this observation as a guiding 
principle and choose simple Gaussian forms for the vertices Fb^- Their Fourier 
transform reads [12-14,21] 

FsM + kl)=ew[^^) (2) 

where A^ is a scale parameter defining the distribution of the u and d quarks 
in A-type baryon. For the light and heavy quark propagators with constituent 
masses M we shall use the standard form of the free fermion propagator 

SM(k) = ^ (3) 

where M = m for the u or d quarks, M = rUg for the strange quark, M = rric 
for the charm quark and M = mb for the bottom quark. 

Next we specify our model parameters. In order to be able to compare the 
two calculations with finite quark masses on the one hand and infinite quark 
masses [14] on the other hand we use the same set of model parameters in 
both calculations: i)AB = A^^ = A^^ = A^^ = 1 GeV is the common scale 
parameter defining the distribution of quarks in light baryons [21]; ii) in the 
heavy flavour sector the scale parameters A^^ and A^^^ are chosen to be the 
same A^^ = A^^ = A^^^ = 1.8 GeV in order to provide the correct normal- 
ization of the baryonic Isgur-Wise function in the heavy quark limit [14]; iii) 
the values of the constituent quark masses are fixed from the analysis of mag- 
netic moments and charge radii of light baryons [14,21]: m = 420 MeV and 
rUs = 570 MeV. Therefore, we have only two free parameters: rric and mi,, the 
masses of the charm and bottom quark. Their values are fixed according to 
[14] 



A = Ma, - mb = Ma, - m^ = 600 MeV (4) 

In this way one can meaningfully compare the results of the two calculations 
for finite and infinite quark mass values. Using Eq. (4) with the experimental 
values for the A;, and Ac baryon masses m\^ = 5.64 GeV and m\^ = 2.285 
GeV [26] we find mf, = 5.04 GeV and rric = 1.685 GeV. The results obtained 
in this paper will be compared to the results of [14] done in the heavy quark 
limit {niQ -^ oo). In both cases the difference between the masses of the heavy 



baryons and the masses of the heavy quarks is fixed at A = 600 MeV. The 
two calculations differ only in the choice of the heavy quark propagators: in 
the finite mass scheme we use the usual free propagator (without any l/rriQ 
expansion) and in the infinite mass scheme we use the usual leading HQET 
propagator [12,14] 



where the four-velocity of the heavy quark is denoted by v as usual. 

The semileptonic decays of the A^ and Ac baryons are described by the triangle 
two- loop diagram shown Fig.l. Correspondingly one has 



M,{Ag, ^ A,J = u{p,)A,{p,,P2Hp,) = ^^u{p2)T,{p,,p2Hp,) (6) 

for the matrix element of the transition. The weak vertex function r^(pi,p2) 
takes the form 



~dl^z ^^^.(^2[A;? + hk, + kl])Fs,,mkl + hk, + kl]) 
X T{S,,{k^+p2)0,S,,{k^+p^)T\Ti[TiS,,{k2T2S,.Xk^ + k^)] (7) 

where '^\i2) ^'^d ■'^1(2) ^^^ ^^^ Dirac matrices of the initial and the final baryons, 
respectively, and O^ = 7^(1 + 75). The integral (7) is calculated in the Eu- 
clidean region both for internal and external momenta. The final results are 
obtained by analytic continuation of the external momenta to the physical 
region after the internal momenta have been integrated out. In order to keep 
the calculation as general as possible we shall retain a general form for the 
vertex function Fb in our analytical integrations. Only at the very end of the 
calculation when we do the numerical evaluation the Gaussian form (2) will 
be substituted for the vertex function. As mentioned before the difference to 
the earlier calculation in Ref. [14] lies in the use of the full quark propagator, 
whereas in [14] we have used the leading HQET propagator. The integration 
techniques used in [14] can be easily extended to the case of finite heavy quark 
masses. 

As an illustration of our calculational procedure we evaluate integral (7) for 
equal values of the heavy and light scale parameters A^^ = A^^ = A^^ . First 
of all, we express all dimensional parameters entering the two-loop integral (7) 
in units of A^^ . We then have 



oo oo 



r^(pi,P2)= dsFj^{s) d a e" 





-t|a3-m,|a4-(m^-p^)Qi-(m,|-p|)a2 



X r{ ( m2+ #2 + y ) O^ ( mi+ ;^i + ^ ) T\ 



xTr 



r^ ^4 + ^ rMm3 + ^ + ^ 



d ki fd k2 kAk+2kB 



TT^i J Ajc^i 



where ^i = 7^-9/9-Bf , F^{s) is the Laplace transform of F|(12[A;^+A;iA;2+/i;i]) 
and the matrices A and B are defined by 



/ 



A- 



V 



12s + tti + 0:2 + ^3 Qs + as 
\ 6s + 0:3 12s + as + 0:4 



5. 



aiPi + «2P2 




The integration over ki, /c2 and the variable s results in 



^^l{Pl,P2) = d'^a 



, ,Fl(-12w) , 

''"' "l^|2 r{(m2+ ^2- A^r/)o, 



(9) 



X (mi+ ;^i- AAr/)riTr[r^(m4- A^r2')^(^3- A(^n +^r2'))] 



dt 



Fl^{-l2[w + t]) 
2UP 



(Ar2^ + A2-2^)Tr[r^7^r27/3]r{(m2+ ^2- A^n) 



X 0^(mi+ ^1- A^n )ri + r{[7"0^(mi+ ^1- A^n ) 

+ (m2+ ^2- A^n )0^7iri f Ar2^Tr[r|7«r2(^3- A(^n + ^fa')] 



+ (Ar/ + A-,^)Ti[Ti{m^- ^iA-,^)T\io 



■^//^,"/ 



-iT-.rr/ 



+ r{7°o^7«riAr/Tr[r^(m4- A^r2)r^(^3- A(^n +^r2))] 







Fl^{-l2[w + t]) 
4|A|2 



r{7"o^7.riAr/(Ar2^ + A2-2^)Tr[r^7''r27/3] 



+ V{^^0,^('V\A-,^{A-,l + Ar2^)Tr[r{7ar'27/3 + Vi^pT^^.] 



where Mi and M2 are the masses of initial and final baryons, respectively, and 
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1=1 



i_^[l + a3 + a4 -(1/2 + 03) 

1^1 * -(1/2 + 03) l + «i + «2 + a3 



The vertex function A^(pi,p2) is as usual decomposed into a set of six rela- 
tivistic form factors which are functions of the momentum transfer squared 
t = q^. We shall present our results in terms of two alternative sets of heavy 
baryon weak form factors [1,3,6]. The two sets of form factors are defined by 
the covariant expansions 

KiPi^P2) = 1,{F^ + ^1^75) + ^^,uq''{F^ + F^^,) + q^{F^ + ^3^75) (10) 
and 

Am(Pi,P2) = 1,{GX + Gti,) + v,{G\ + G^75) + v'^{Gl + ^^75) (11) 

where v^ = p^/Mi and v'^ = p'^/M2 are the four-velocities of the initial and 
final baryon, respectively. The relation between the two sets of heavy baryon 
form factors can be easily worked out [1,6]. In the heavy quark limit [3] one 
has 

F^ = Ff = GX = Gt F^^^^ = F^^^^ = G^(^) = G^^^^ = (12) 

for the heavy-to- heavy transition Aj, -^ AcC^z/g. For heavy-to-light transitions 
as in Ac -^ AsC'^i'e transition one has 

G^ = G^ = Gt- G^, Gl = G^ = 0, F^ = F^, F^^^^ = F^^^^ (13) 

in the heavy (c-quark) limit [4,7]. We shall not write down rate and asymmetry 
formulae in terms of these form factors since these have been worked out in 
great detail in Refs. [1,6,8,12]. 

We now present our numerical results for the exclusive semileptonic decays 
Af, — >■ Ace~Ue and Ac —>■ Ae'^u^ for the finite and infinite mass cases. In Table 
I we present our results for the two sets of relativistic form factors (Set I and 
Set II)Q for two values of g^, namely g^ = g^^^, = (Mi — M2)^ and g^ = 0. 



We use the notation: 



In parenthesis we give the values of the form factors in the heavy quark hmit. 
Table I shows that in the case of the b —^ c transition the "finite mass" 
corrections can amount to ~ 10% for the Set I form factors and up to ~ 25% 
for the Set II form factors. In the case of c ^ s transitions the "finite mass" 
corrections are significantly larger (see TABLE II). Our estimate of the "finite 
mass" corrections for A5 -^ Ac transition at g^ = q'^^^ agrees with the QCD 
sum rules calculations: F^ = Ff = 1.03 ± 0.06 and Fg^^^^ = F^^^^ = [17]. 
In TABLE III we show our results for the rates and mean asymmetries of Af, 
and Ac decays again for the finite and infinite mass cases. For the heavy-to- 
heavy transition A;, -^ Ace~z/e the finite mass corrections are ~ 10% in the 
decay rate and ~ 7% in the asymmetry parameter. In the case of Ac -^ Ag 
transition one can see that the finite mass corrections are larger than in the 
Ab — >■ Ac case. They amount to ~ 50% for the decay rate and ~ 10% for 
the asymmetry parameter. Our prediction for the A;, — > AcC'Ue rate is in 
agreement with the experimental upper limit given by r(Ab -^ Ace~z/e) = 
(6.67 ± 2.73) X 10^° sec^^ [26]. Our prediction for the Ac -^ A^e+z/c rate 
agrees with the the corresponding experimental value measured by the CLEO 
Collaboration: r(Ac -^ A,e+z/c) = (9.54 ± 2.28) x 10^° sec"^ [26]. 

In conclusion, we have found that the finite mass corrections significantly 
contribute to the rate and the asymmetry parameter in the heavy-to-light 
transition Ac — > AgC^z/e whereas the finite mass corrections are smaller for 
the heavy-to-heavy transition A^ -^ A^e'Ve- It appears that the leading term 
in the heavy quark expansion gives a reasonably accurate description of the 
heavy-to-heavy b ^ c transitions. Contrary to this the finite mass corrections 
are quite important for the heavy-to-light c ^ s transitions. 
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Set I - the set of form factors {F^,FY, F^ , F^, F^, F^'' 



Set II - the set of form factors (G[ , G^ , G| , Gf , G^, G; 
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TABLE I 



Set 


<f = <lLax 


I 


FY = 0.99 


F^ = 0.034 


F^ = 0.001 


Ff = 0.97 


F^ = -0.002 


F^ = -0.035 




(1) 


(0) 


(0) 


(1) 


(0) 


(0) 


II 


GY = 1.26 


GY = -0.20 


GY = -0.067 


G^ = 0.96 


G^ = -0.21 


G^ = -0.076 




(1) 


(0) 


(0) 


(1) 


(0) 


(0) 


Set 


g2 = 


I 


F^ = 0.55 


F^ = 0.017 


F^ = 0.005 


Ff = 0.54 


^2^ = -0.001 


F^ = -0.017 




(0.62) 


(0) 


(0) 


(0.62) 


(0) 


(0) 


II 


GY = 0.69 


gY = -0.10 


GY = -0.033 


Gf = 0.54 


G^ = -0.10 


G^ = -0.036 




(0.62) 


(0) 


(0) 


(0.62) 


(0) 


(0) 



TABLE II 



Set 




I 


FY = 0.70 


FY = -0.14 


FY = -0.045 


Ff^ = 0.76 


F^ = -0.032 


FY" = -0.16 




(0.62) 


(-0.044) 


(-0.044) 


(0.63) 


(-0.044) 


(-0.044) 


II 


GY = 1.16 


G^ = -0.41 


G^ = -0.10 


Gf = 0.65 


G^ = -0.45 


Gi = 0.15 




(0.77) 


(-0.20) 


(-0.20) 


(0.58) 


(-0.20) 


(-0.20) 


Set 


g2 = 


I 


FY = 0.41 


FY = -0.071 


FY = -0.025 


Ff^ = 0.38 


F^ = -0.021 


FY^ = -0.084 




(0.33) 


(-0.018) 


(-0.018) 


(0.33) 


(-0.018) 


(-0.018) 


II 


GY = 0.65 


GY = -0.22 


GY = -0.050 


Gf = 0.34 


G^ = -0.24 


Gi = 0.070 




(0.39) 


(-0.08) 


(0) 


(0.31) 


(-0.08) 


(0) 



TABLE III 



Process 


Heavy Quark Limit 


Finite Quark Masses 


Afe ^ Ac + e^z/e 


r = 5.4 X lO^^sec-^ 


a = -0.761 


r = 4.9 X lO^Sec-i 


a = -0.815 


Ac ^ As + e+z/e 


r = 11.8 X lO^Sec-i 


a = -0.798 


r = 7.6 X lO^Sec^i 


a = -0.878 
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